Colonies of Rhizopus sexualis (Smith) Callen on 1 % (w/v) malt agar at 20" show the first stages in conjugation approximately 40 hr. after inoculation and the first mature zygospores after a further 32-84 hr. Transfer to 5-10" prevents the initiation of conjugation and inhibits the further development of the majority of pairings in which the gametangia are not fully delimited a t the time of transfer. Fully delimited gametangia continue to develop and to produce mature zygospores at the low temperature. This effect is almost entirely independent of the composition and pH value of the medium. Sporangia are produced in greater numbers at the low temperature than at 20'. The effect of low temperature on formation of zygospores of Mucor hiernalis, Zygorrhynchus macrocarpus and 2. moelleri is essentially similar to that with R. sexualis, but Phycomyces blakesleeanus shows only slight inhibition a t 5' and none at 7' or over. The significance of the inhibitory effect is discussed.
When cultures of Rhixopus sezuulis (Smith) Callen (a homothallic species of the Mucoraceae) showing all stages in zygospore formation were stored a t 7" most of the young zygospores continued to develop and reached maturity, although the rate of development was decreased by the low temperature. Early stages in conjugation already present on transfer to low temperature did not result in zygospores and no further conjugations took place. When the cultures were replaced a t 20° conjugations again took place. It was hoped that further study might elucidate the mechanism of the particular stage in reproduction a t which the inhibitory effect of low temperature was most marked.
The literature relating to the general effect of temperature on growth and reproduction in fungi has been reviewed (Hawker, 1950 (Hawker, , 1957  Lilly & Barnett, 1951). Although there is little detailed information about the effects of temperature on zygospore formation in the Mucoraceae, the available information shows that these effects are complex. Zygospore production by Sporodinia grundis ( = Syxygites megalocarpa) is favoured by higher temperatures than those optimal for sporangial production (Baker, 1931) . Zygospores of Thamnidium elegans are formed only after exposure to temperatures of 6-7" (Hesseltine & Anderson, 1956) . Robins & Schmitt (1945) showed that temperature influences zygospore formation by Phycomyces blalcesleeanus by an indirect effect on hydrogen-ion concentration.
The type of asexual reproduction in pleomorphic members of the Mucoraceae is controlled by the interaction of a number of factors, including temperature.
(w/v) malt agar, since this medium at suitable temperatures allowed the formation of a moderate number of zygospores without the development of sufficient aerial mycelium to make observations difficult. Plate cultures (in Petri dishes, 9 cm. diameter) were inoculated with disks, 7 mm. diameter, cut from the advancing edges of young colonies before conjugation had begun, thus ensuring that no young zygospores were included in the inoculum. Slide cultures, in which microscope slides were coated with a film of agar medium and supported on glass rods in damp sterile Petri dishes, were inoculated with smaller pieces of young agar cultures.
Estimation of growth and reproduction
Mycelial growth. The average diameter of colonies was measured a t suitable intervals.
Zygospore counts. With plate cultures of Rhizopus sexualis lines a t right angles through the centre of the inoculum were marked on the bottom of the plate. Arbitrarily chosen points were marked along these lines and the number and stage of development of the zygospores in microscopic fields a t these points were recorded a t intervals. Microscopic fields at arbitrarily determined points were also examined in slide cultures. These methods were not entirely suitable for use with the other species studied. Zygospores of Zygorrhynchus spp. are small and crowded and counts can be made only on slide cultures. With the plate cultures the sharply demarcated central zone containing zygospores was outlined in Indian ink on the base of the Petri dish before transfer to low temperature and any further conjugations seen beyond this outline were later recorded.
The heterothallic Mucor hiemalis also produces small crowded zygospores along the line of contact of the ' plus ' and ' minus ' colonies and aerial mycelium along this zone is profuse. It was possible to count the zygospores a t various stages of development along a short arbitrarily chosen part of the zone. Zygospores of Phycomyces blakesleeanus are so large that the total number on a plate could be recorded. swollen (Fig. 1A) .
than in supporting hyphae ( Fig. 1B) .
cross-walls ( Fig. 1 C) .
( Fig. 1 E) . present, warty thickenings developing on wall ( Fig. 1 F) .
warts on wall ( Fig. 1 G) . Occasionally the gametangia were delimited normally (stage D) but the wall between them did not break down. Various degrees of pigmentation and sculpturing of the gametangial wall followed, but normal zygospores were not produced. All such abnormal forms were recorded as X (Fig, 1H) .
The description of the stages given above refers to Rhixopus sexualis, but the scheme was also valid for the other species used, due allowance being made for differences in type of wall sculpture, presence of bristles as outgrowths of the suspensor cells (in Phycomyces blakeskeanus), etc.
Zygospore index.
In order to assess the general stage of zygospore production reached by a particular colony, an arbitrary Zygospore Index (ZI) was calculated. The stages A-G were given an arbitrary value of 1-7 respectively. The total number of pairings at any particular stage seen in the microscopic fields chosen as indicated above, was multiplied by the figure allotted to that stage and these results were summed to give a value for ZI.
RESULTS

Production of xygospores by Rhizopus sexualis at 20"
Progametangia (stages A and B) developed at the centre of colonies of Rhixopus sexualis on malt agar a t 20" about 40 hr. after inoculation. Delimitation of the gametangia (stages C and D) took place 8-10 hr. later and a few mature zygospores (stage G) were present after a further 24 hr., i.e. approximately 72-74 hr. after inoculation (Table 1, column 6).
Table 1. The effect of temperature on growth and xygospore formation in Rhizopus sexualis
Treatments I-V, transferred from 20" to 7' a t 24, 28, 32.5, 43.5 and 50.5 hr. after inoculation, respectively. P=total number of pairings in these fields. ZI =quantitative index of zygospore production (see p. 761). ...... .:.:.:.:.:. :.:.:.:.:.:. .:.:.:.:.:.:
Period after Treatments inoculation
..... ....................................... ...... ......
Transfer to low temperature at various intervals after inoculation
In a typical experiment, 18 malt agar plates were given a preliminary incubation at 2 0 ' . Batches of three plates were transferred to 7" after 24, 28, 32.5, 43.5 and 50.5 hr., respectively. Table 1 shows diameter of colonies, type of growth, total numbers of conjugations (P), numbers of conjugations a t each stage (Fig. 2) and the zygospore index (ZI), at intervals during the experiment. Each block represents number of zygospores at the particular stage A-G (Fig. 1) at intervals after inoculation.
No gametangial initials developed after transfer to 7' in any culture on which they were not already present a t the time of transfer, i.e. treatments I, I1 and I11 of Table 1. Even where (as in cultures subjected to treatment 111) aerial hyphae, which would have borne gametangia if left a t ZOO, had already developed, no conjugations took place a t the low temperature. In colonies transferred at a later stage, i.e. treatments IV and V, conjugation had already begun. Zygospores which had reached stage C, or a later stage, continued to develop at 7", but only a few of those at earlier stages reached the next one. These few were presumably already physiologically near the next stage of development. In other experiments the effect of transfer of colonies from 20' to So, 10' and 11.5' was studied. Fig. 3 shows the fate of particular pairs of progametangia or gametangia as a result of these treatments.
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The results of these experiments and of experiments with slide cultures may be summarized as follows:
(1) The formation of aerial hyphae which normally precedes zygospore formation is inhibited at low temperatures, Aerial hyphae which have already formed continue to develop. (2) Gametangia are not formed a t 5-10' unless visible progametangial initials are present when the colonies are transferred to the low temperature, i.e. low temperature prevents the initiation of conjugation. Temperatures of 11-5" and over do not inhibit the formation of progametangia.
(3) Progametangia (stages A and B) present on colonies a t the time of transfer do not develop further at 5", but may occasionally do so at 7 ' or 10'. This tendency to continue development is increased in the presence of mature zygospores at the time of transfer (see columns IV and V of Table 1 ). Progametangia continue to develop normally a t temperatures of 11.5' and higher.
(4) When stages C and D have been reached before transfer to low temperature, development usually continues at a decreased rate. Abnormal zygospores (stage X, Fig. 1 H) increase in frequency with decrease in temperature.
( 5 ) When colonies which have been exposed to low temperature are restored to Zoo, development of initials already present and initiation of new progametangia are resumed, showing that the low temperature produces only a temporary inhibition of zygospore initiation and development.
(6) Sporangia are produced regularly but sparsely at 20". After about 3 weeks at low temperature, sporangia are abundant and their formation is independent of the presence of zygospores.
The effect of brief exposures to 20'
It seemed possible that exposure to higher temperatures for the time needed to make observations in the experiments described in the previous section might have influenced results. This was tested by exposing cultures to a temperature of 20' for varying intervals during cold treatment. It was found that the low-temperature effect was not reversed by less than 4 hr. a t 20".
The effective time of exposure to 20' varies according to the age of the colony. When aerial hyphae are present whilst the colony is still a t low temperature, exposure for 4 hr. to 20' is sufficient to initiate a few young stages. These do not mature when the cultures are replaced at low temperature but develop only as far as stage X. A longer time a t 20' is required between the cold periods for fully mature zygospores to result. Exposure for 8 hr. at 20°, followed by resumed cold treatment, resulted in a number of zygospores which ultimately matured a t low temperature. Exposure for 12 hr. to 20" gave similar results, with a great increase in the number of zygospores as compared with those formed on colonies given 8 hr. a t 20'.
Continuous exposure to 20' after cold treatment frequently results in rapid development of, or increase in, aerial hyphae on that part of the colony which grew before or during cold treatment. This suggests that some product accumulates a t low temperature and becomes available on return to 20°, resulting in this great aerial growth.
Clearly there is no permanent effect of cold treatment on the fungus. Hyphal tips from cultures grown at 7 ' were subcultured and incubated at 20°, when they showed a growth rate comparable to that of tips from cultures grown at 20'.
The in.uence of composition and pH value of the medium on the response of Rhizopus sexualis to low temperatures
In addition to the 1.0 yo (w/v) malt extract agar used for most experiments,
the following agar media were tested: 2.0, 3.0 and 5 * 0 % (w/v) malt, yeast extract, carrot extract, prune extract, glucose + asparagine, glucose + ammonium salts and glucose peptone. The time for progametangial initials to appear, and the time for mature zygospores to develop varied considerably with different media at 20'. Inhibition of early stages of zygospore formation occurred a t low temperatures on all the media tested, as on malt agar, but with IP: 54.70.40.11
On: Thu, 06 Dec 2018 15:05:48 2 ygospore production in R. sexualis 765 carrot extract agar there was a slight increase in the number of young stages which continued to develop at low temperature. It seemed possible that low temperature might act by influencing changes in the pH value of the medium. Rhizopus sezualis forms zygospores over the range 3-0-8-0 of initial pH values. Varying the initial pH value of the medium over this range did not prevent the inhibition of initiation and early development of zygospores at low temperatures.
The efect of low temperature on other species
Phycomyces blakesleeanus. No inhibition of initiation or maturation of zygospores occured at Yo, or higher, but exposure to 5' decreased the number of new progametangia which arose ( Table 2) . Table 2 
. The eflect of low temperature on zygospore production in3ve species of the Mzlcorales
The colonies were incubated a t 20' until they had reached the stages indicated in the column headings and were then transferred to the low temperature. The results given were obtained after 4 days at the low temperature. The first symbol in each column refers to the degree of inhibition of new progametangia, the second refers to the degree of inhibition of further development and maturation of conjugations which had reached stages A-C a t the time of transfer. 0 =complete inhibition ;
(0) = occasional initiation of new progametangia ; ( + ) = development continues but is not completed ; (X) = occasional production of abnormal zygospores ; + = no inhibition. 
Condition of colony on transfer
Mucor hiemalis. Zygospores were not produced at 5" or 7 ' when conjugation had not taken place before transfer to the low temperatures, but when older stages were present before transfer, zygospores developed from pre-existing initials (stage B for Yo, stage D for 5'). No new progametangia were initiated at 7" or 5". There was no inhibition of initiation or development a t 10" ( Table 2) . Zygorrhynchus macrocarpus. At 5" initiation and maturation of progametangia and zygospores was inhibited unless a number of mature zygospores were present, in which case pre-existing progametangia (stage B) developed until partially mature but did not attain full maturity, reaching only stage F, with some pigmentation, At 7" initiation was similarly inhibited, but pre-existing conjugation matured as far as stage F only. When a number of mature zygospores were present, however, the development of younger ones continued to full maturity. There was no inhibition of initiation or development a t 10" ( Table 2 ). Zygorrhynchus moelleri. Initiation of progametangia never occurred at 5" and rarely at 7". At 5" pre-existing conjugations (stage B) continued to develop but did not mature completely, whilst at 7" maturation was eventually completed at the low temperature. No inhibition occurred at 10".
DISCUSSION
It is clear that, while the whole process of conjugation and zygospore formation is slowed by a lowering of temperature below the optimum, the effect of low temperatures is greatest at certain early stages in this process. The actual temperature a t which inhibition of conjugation and zygospore development occurs varies with the species but the differential effect of temperature on early stages was seen in all five species examined. This greater sensitivity to low temperature at early stages in zygospore development suggests either a temperature-induced block in the synthesis of some substance or substances essential to further development, or a slowing of translocation of such substances into the gametangia from the supporting hyphae.
Under some circumstances the presence of mature zygospores in a colony at the time of exposure to the critical low temperature enables the continued development of young spores which would otherwise have been checked. Work now in progress indicates that this effect of mature zygospores is due to a substance or substances which diffuses from them. It is suggested that this may be identical with, or able to replace, an essential substance the synthesis of which is inhibited by low temperature. The effect of low temperature is thus more likely to be due to the inhibition of synthesis rather than a retardation of diffusion or translocation. The nature of the inhibitory effect of low temperature is being further examined.
